A planar millimeter wave band-stop filter based on confined magnetostatic wave ͑MSW͒ excitations in an M-type barium hexagonal ferrite ͑BaM͒ film strip was demonstrated. The device consists of a BaM film strip on the top of a coplanar waveguide with the strip length along the signal line. For zero magnetic fields, the device shows a band-stop filtering response at 53 GHz. This response originates from the excitation of confined MSW modes across the BaM strip width. The filter operation frequency is tunable with low fields. This tuning relies on the change in the MSW dispersion with field. © 2011 American Institute of Physics. ͓doi:10.1063/1.3592817͔
Presently, there is a critical need for millimeter ͑mm͒ wave devices. [1] [2] [3] This need is critical for three main reasons. ͑1͒ Millimeter waves are recognized as a broadband frequency resource that can offer various wireless access applications. ͑2͒ The need for broadband telecommunication capabilities will mandate the use of mm-wave frequencies in next-generation satellite systems. ͑3͒ Electromagnetic radiation at mm-wave frequencies can penetrate clouds, fog, and many kinds of smoke, all of which are generally opaque to visible or infrared light.
In principle, one can realize mm-wave devices by the use of magnetic garnet materials, such as yttrium iron garnet ͑YIG͒, and magnetization excitations therein. These magnetic garnets are indeed important components in many current microwave devices. 4, 5 In practical terms, however, an extremely high external magnetic field is needed to realize the operation of garnet-based devices at mm-wave frequencies. The use of high fields causes a number of practical issues. These include increased device size and weight, incompatibility with monolithic integrated circuit technology, and increased cost.
Another strategy for the realization of mm-wave devices is to use barium hexagonal ferrite films. 6 Hexagonal ferrites can have a high magnetocrystalline anisotropy field. This high internal field can facilitate device operation at mmwave frequencies without a need for external bias magnetic fields, or with relatively low external fields. In other words, it is possible to use hexagonal ferrite films to fabricate mmwave devices that are compact and compatible with monolithic integrated circuit fabrication technology.
The feasibility of this strategy has been clearly demonstrated by recent simulations 6, 7 and experiments. [7] [8] [9] [10] Specifically, progress has been made in the demonstration of M-type barium hexagonal ferrite BaFe 12 O 19 ͑BaM͒ based band-stop filters and phase shifters. These devices rely on either ferromagnetic resonance ͑FMR͒ or broadband magnetostatic wave ͑MSW͒ excitations in BaM films. They all have planar geometry, either in a stripline configuration or a coplanar waveguide ͑CPW͒ structure, and show low-fieldbiased or self-biased operations in the 50-60 GHz frequency range.
This letter reports on a new type of mm-wave device that makes use of neither FMR effects nor broadband MSW excitations, but relies on the excitation of confined MSWs. Specifically, the letter reports on a self-biased planar mm-wave band-stop filter that consists of a narrow BaM thin film strip positioned on the top of a CPW structure. The underlying physical mechanisms are as follows. ͑1͒ The alternating magnetic field produced by the CPW signal line is spatially nonuniform. ͑2͒ This nonuniform field excites MSW modes in the BaM film strip. ͑3͒ The MSW propagation is confined by the width of the BaM film strip. The excitation of such confined modes leads to a low output power in a certain frequency range, namely, a band-stop filtering response. ͑4͒ The high anisotropy field and high remanent magnetization of the BaM film facilitate self-biased device operation at mm-wave frequencies. In addition to the self-biased operation, the frequency of the device can be tuned through the application of a modest external field. Such tuning relies on the shift in the MSW dispersion curve with field. These results demonstrate a new approach for the development of planar self-biased mm-wave devices. Figure 1 shows the BaM/CPW band-stop filter device structure. The BaM film strip has its substrate facing up and its length along the CPW signal line. The easy axis of the BaM strip is along the strip length. The CPW-produced nonuniform magnetic field excites MSW modes in the BaM strip. These modes propagate along the strip width direction and are confined by the edges of the strip. The net effect is that the modes that satisfy the phase constraint 2kw = n2 are relatively strong, while other modes are weak. In the phase condition, k is the wave number, w is the width of the BaM strip, and n is an odd integer. The waveforms for the first three modes are shown schematically in and a band-stop filtering response which is presented below.
There are two important points to be noted. ͑1͒ The even modes ͑n =2,4,6,...͒ cannot be excited. This is because the in-plane components of the CPW signal line-produced alternating magnetic field is symmetric across the signal line. ͑2͒ Only the n = 1 mode will be strongly excited and other modes will be very weak. This is due to the fact that the MSW excitation efficiency decreases significantly with the wave number k for the geometry concerned here.
For the data presented below, the CPW has a 50-m-wide signal line, a signal line-to-ground separation of 25 m, and a nominal impedance of 50 ⍀. The BaM film was grown on the a plane of a sapphire substrate by pulsed laser deposition. 10 The film is 2.52 m thick and shows a uniaxial anisotropy field ͑H a ͒ of 16.9 kOe along the in-plane c axis, a saturation induction ͑4M s ͒ of 3.9 kG, and a remanent-to-saturation magnetization ratio of 0.99. This near-unity ratio plays a critical role in the realization of the self-biased operation. The film was cut into a narrow strip which was 4.30 mm long. The width of the strip was reduced to different values through polishing and ranged from 1.30 mm to 0.24 mm.
Figures 2͑a͒ and 2͑b͒ give the FMR absorption derivative profiles for the 1.30-mm-wide strip and the 0.24-mmwide strip, respectively. The circles show the data, and the curves show fits to a Lorentzian derivative trial function. The data were measured at 56 GHz by a shorted rectangular waveguide, with the film placed between the waveguide end and the short. The fits yield an FMR field of about 1.28 kOe for both strips. This value is very close to the theoretical field of 1.25 kOe, which was estimated with the parameters cited above and a gyromagnetic ratio of ͉␥͉ = 2.8 GHz/ kOe. The fits also yield the peak-to-peak FMR linewidths, which are 306 Oe for the 1.30 mm strip and 307 Oe for the 0.24 mm strip. The closeness of these two linewidths indicates a good uniformity of the BaM film over a scale of hundreds of microns. With the above parameters, one can convert this field linewidth to a frequency linewidth of about 1.49 GHz. 10 Figure 3 shows representative data on the self-biased operation of the device. Graph ͑a͒ gives the transmission profiles for filters with BaM strips of different widths, as indicated. Graphs ͑b͒ and ͑c͒ give the maximum absorption and bandwidth data, respectively, for the filtering responses shown in ͑a͒. The bandwidth was taken at the transmission level 3 dB higher than the minimum transmission.
Three important results are evident in Fig. 3 . ͑1͒ The filters all show a self-biased band-stop response at about 52.7 GHz. ͑2͒ With a reduction in the BaM width, the maximum absorption increases substantially while the bandwidth decreases significantly. ͑3͒ In spite of the significant changes in absorption and bandwidth, there is only a slight increase in the device insertion loss. For all the measurements, the insertion loss is less than 2 dB on the low-frequency side and less than 4 dB on the high-frequency side.
The response that a reduction in the BaM strip width leads to an increase in absorption and a decrease in bandwidth can be explained as follows. In a BaM strip which is relatively wide, the MSW decays during its propagation along the width of the strip, and the MSW confinement across the strip width is weak. As a result, broadband MSWs are excited, and the filter shows a broad bandwidth and a small maximum absorption. In contrast, in a very narrow BaM strip, the effect of the MSW decay is insignificant and the MSW propagation is confined by the strip edges. This geometry confinement yields a phase constraint on the MSWs. As a result, narrowband MSWs with k Ϸ / w are excited, and the filter shows a much narrower bandwidth and a much larger absorption.
The explanation above gives rise to three expectations as follows. ͑1͒ As broadband MSWs are excited in wide BaM strips, the bandwidth of the filter using a wide BaM strip should be larger than the FMR linewidth of the BaM strip. ͑2͒ The field/film configuration described above supports the propagation of surface MSWs, for which the frequency is higher than the FMR frequency FMR and increases with the wave number k. As a result, when one shifts from a regime where broadband MSWs are excited and the maximum absorption is at FMR to a regime where only the confined modes are excited and the center frequency is at = k=/w , one should see a shift in the maximum absorption frequency to a higher value. ͑3͒ One should also expect that, with a reduction in BaM strip width, the absorption profile is narrowed from the high frequency side, not the low frequency side, as the frequencies of the broadband MSW excitations are all above FMR . Indeed, the above expectations are all verified by the data in Fig. 3 . ͑1͒ The bandwidths of the filters with wide strips are all larger than the FMR linewidth, while that of the filter with the 0.24 mm strip is just slightly larger than the FMR linewidth. ͑2͒ When the width was reduced from 1.30 mm to 0.24 mm, the maximum absorption frequency increased from 52.72 GHz to 52.74 GHz. The net increase agrees well with the theoretical value, which is evaluated as ͑ k=/w − FMR ͒ / 2 = 19 MHz. ͑3͒ With a reduction in strip width, the 3 dB bandwidth of the absorption profile is reduced in the high frequency side.
In addition to the self-biased operation shown above, the filter is also tunable with low fields. Figure 4 demonstrates such low-field tuning. Graph ͑a͒ shows the transmission profiles for different external fields for a device with the 0.24 mm wide strip. Graphs ͑b͒ and ͑c͒ show the maximum absorption frequency and bandwidth, respectively, as a function of field for the filtering response. As for the data in Fig. 3 , the bandwidth was taken at the transmission level 3 dB higher than the minimum transmission. During the measurements, the fields were applied along the BaM strip. The curve in ͑b͒ shows MSW frequencies calculated as
where d is the film thickness. The calculations used the parameters cited above. The only exception is that a value of 16.94 kOe was used for H a . The data in Fig. 4 demonstrate four results. ͑1͒ The filter is tunable with low fields. ͑2͒ The operation frequency increases almost linearly with field and matches almost perfectly with the theoretical value. ͑3͒ The bandwidth decreases slightly, with an overall change of only 7% in the entire field range. ͑4͒ The insertion loss remains almost constant. All of these results are critical for practical applications. The data in ͑a͒ also show a slight increase in maximum absorption with field. The fact that the absorption is smaller and the bandwidth is larger at low fields may be a result of low-field loss effects. 12 The results presented above demonstrate the use of confined MSW excitations in narrow BaM film strips for lowfield-biased or even self-biased mm-wave band-stop filters. It is worth comparing the present filter with the band-stop filter reported recently in Ref. 10 . The previous filter was based on the excitation of broadband MSW modes in a wide BaM film. Those waves propagate and decay in the film and, thereby, give rise to a broad band-stop filtering response. In contrast, the present filter relies on the excitation of confined MSW modes in a narrow BaM film strip. The phase constraint of these confined modes leads to a much narrower bandwidth. As a result, the maximum absorption of the present filter is about 2.5 times larger than that of the previous one. It is also worth mentioning that one can also use confined MSW modes to make other BaM-based mm-wave devices, such as phase shifters, band-pass filters, and resonators. Previous work has demonstrated a high-Q microwave resonator that made use of an YIG film element positioned between two microstrip transducers and the confined MSW excitation in the YIG element. 13 This device, however, needed a bias field of several thousand oersteds and operated only in the gigahertz frequency range. By replacing the YIG element with a BaM element, one can realize a resonator that is self-biased and operates at mm-wave frequencies. Future work on the development of low-loss BaM films with different anisotropy fields through doping 14 and the use of these films for self-biased devices for applications in different frequency regimes is also of great interest. 
